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EXECU"E SUMMARY 

Modeling a multilayer Mric composite h r  engine containment systems during a €in blade-out 
event has been a challenging task. Nonlinear transient (explicit) finite element analysis has the 
greatest potential of any mmerical approach available to indu ry fbr analysis of these events. 
Significant research is still required to overcome difliculties with numerical stability, material 
modeling @re!- and postfkilure), and standadzing modeling methods to achieve accurate 
simulation of the complex interactions between individual conlpmznts during these high-speed 
events. The primary focus of this research was to develop the methodology h r  testing, 
modeling, and analyzing a mical fan bladedut event in a multilayer film fabric composite 
containment system. ABAQUS finite element code was used to verify the basic material model 
(pref'ailure state) developed through laboratory testing. LS-DYNA was the primary modeling 
tool used in the explicit finite element analysis of ballistic events. 

During the Fourth Fedem: Aviation Administration (FAA) Uncontained Engine Debris 
Characterhation Modeling a ;Id Mitigetion Workshop (held in May 2000 at SRI International, 
Menlo Park, CA), a representalive of Honeywell Engines, Systems & Services presented the 
capability of modeling complicated engine hub-burst and fan blade-out events. Predicting most 
of the event with high confidence was shown. At the same time, SRI presented their e%& on 
modeling the material chamteristics within LS-DYNA and developing a new composite fiber 
material called Zylon@ that appeared to be stronger, lighter, and more temperature-resistant than 
Kevlar'. Both parties showex? interest in each other's work, and both agreed they could benefit 
from each other if collaborative mechanisms could be arranged. After the workshop, Honeywell 
and SRI contacted each other and began talks of a joint project The FIUL National Aeronautics 
and Space Administration (NASA) Glenn Research Center (GRC), and Arkom State University 
(ASU) were later invited into the discussion, resuiting in this %Ah-fimded research under the 
Aircraft Catastrophic Prevention Program and the Airworthiness Assurance Center of Excellence 
ProPam. 

The goal of this research was to use the technical strengths of Honeyweil, SRI, and the ASU lor 
developing a mbust explicit finite element analysis modeling methodology for the pvpses  
mentioned above. Since the devejopment of an experimental set of data to support the 
calibration of the finite element models is essential, various experimental methods to measure 
material and structural response af the Mrics were conducted. NASA GRC, under the NASA 
Aviation Safkty Program, condilcted a series of engine containment ring tests that were used for 
modeling in this program. 

Each member of the team took a leadership role and developed a comprehensive report 
desm'bingthedetailsofthe research task and the findings. The complete F M  report is 
coniprised of the following four separate reports (ga ts  1 through 4). 

Pmt 1: Static Tests and Modeling by Arizona State University Department of Civil 
Lngineering 

e Part 2: Ballistic Testing by NASA Glenn Research Center 

e Part 3: Material Model Development and Simdation of Experirnen:s by SRI International 
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Par& 4: Model Simulation for Ballistic Tests, Engine Fan Blade-Out, and Generic Engine 
by Honeywell Engines, Systems & Services 

lldlistic impeCt tests were conducted at NASA GRC on dry Kevltir 49@ and Zylon ASQ fbbric 
sapecimens in a test configuration designed to simulate its application in a turbine engine h 
containment system. This report (part 2 of 4) provides data on projectile velocity, impact and 
residual energy, and fbbric deformation for a number of different test conditions. 

A single-Wric architecture was used for the Kevlar@ material and two different architectures 
were used for the Zylon@, one similar to the Kevlar and mother significantly ligfiter. Twenty- 
five-cm (lO-in.)-wide continuous strips of the fbbric were wound around a steel ring with a 
diameter of 102 cm. The ring was placed in h n t  of a 2O-m (7.9-in.)diameter gas gun at a 
slight incline so that the projectile passed over the leading edge of the ring and impacted the 
Wric through a slot from the g e n d  direction of the center of the ring. The projectile was a flat 
piece of 304L stainless steel 10.2 m (4.0 in.) long, 5.1 cm (2.0 in.) high, and 0.48 cm (2.198 in.) 
thick, with a mass of approximately 320 gm (0.7 lb). The projectile k~pacted the spechez +de 
on. Under these conditions, Zylon was able to absorb almost three times the energy of the 
equivalent weight Kevlar. 
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1. MTRODUCTION. 

1.  I PURPOSF.. 

This research effort was undertakem as o direct result of discussions from the Fourth Federal 
Ariation Administdon (FAA) Uncontained Debris Characterization Modeling and Mitigation 
Workshop (held in May 2800 at SRI International). A team effort beween government, 
amimia, and industry was seen as an excellent opportunity to transition Mric modeling and 
testing research that was being sponsored by the FAA Aircraft Catastrophic Failure Prevention 
Program and the National Aeronautics and Space Administration (NASA) Aviation Safety 
Propam into commercial aircraft. 

1.2 RACKGROUND. 

International aviation regulatory bodies, such as the FAA in the United States and the Joint 
Aviation Authorities in Europe, require that in commercial jet engines a system must exist that 
will not allow any single compressor or turbine blade h i l m  to perforate the engine WI ;:uing 
engine operation [ 11. They further require that jet engine mauufkcturers demonstrate, through a 
certification test, that the most critical blade be contained within the engine when a blade is 
released while the engine is running at full-rated thrust. The most critical compressor blade in 
the engine, in terms of maximum kinetic energy, is invariably the fin blade, and the system 
designed to prevent it from penetrating the engine is called the fan containment system. 

Thm are two general types of fan containment systems, C O ~ ~ Q I I I Y  referred to as hard-wall and 
soft-wall systems. Hard-wall systems consist of a relatively stiff section of the engine case that 
has sufficient strength to prevent perfbration if impacted by a blade. Generally, there is 
relatively little deflection involved during impact with a hard-wall system. Soft-wall systems 
usually consist of a thin inner ring, surrounded by layers of dry fabric, most commonly Kevlar@. 
Between the inner ring rand the hbric there is usually some s t r u c t i  material, such as 
hmeycornb, to provide sti&ess to the case. Energy absorplion in soft-wall s y s t m  is 
accompanied by large deformation in the fabric. 

The process of designing a containment system is based largely on empirical methods supported 
by impact testing of subscale components. However, there is strong motivation on the pari of jet 
engine manufiictuters to develop numerical models that can be used to help in the design process 
of fan containment systems, thereby reducing the cost of testing and increasing confidence and 
reliability in the design. 

A number of research and commercial computer programs are available that can simulate the 
impact of a released fan blade on the case (a blade-out event). These axe generally transient, 
explicit integration finite element codes [2 and 31. The codes themselves are accurate and have 
been validated by years of use, but the wnstitutive, failure, and contact models are still the 
subject of active research. A large body of data and research studies exist with regard to high 
strain rate behavior impact response, and constitutive/failme models for metals [4, 5,  and 61. 
While thm is data available in the literature on the impact response of fabrics [7, 8, and 91, and 
models have been developed to simulate fabric impact response [ 10, 1 1 , and 121 the body of 
literature is much smalle,r than for metals. In addition, studies tend to focus on applications other 

1 



than jet engines, such as body armor, and generally consider impacts involving a relatively small 
 umber of Wric layers. 

Zylon AS PBO 
Liaht I H a w  

This study was one of several being conducted by a FM-sponsod Aimorthiness Asswance 
Center of Excellence (MCE) team that included Arizona State University, Honeywell Engines, 
Systems & Services, SJU, and NASA Glenn Research Center. The aim of the M C E  prog~am 
was to develop improved computational tools for designing Mric-based engine containment 
systems. The objective of this particular study was to provide irnpact response data on Wric 
systems that would be used for calibrating and verifying the improved numerical models. A 
secondary objective was to compare the impact energy absorption response of two different 
Wrics, Kevlar and Zylon@ in two different Mric architectures. The impact conditions were 
selected to be more representative of engine blade-out events than is typically seen in the 
literature, while keeping the test as simple and reproducible as possible. 

KevIar-49 
P-Aramid 

Standard 

2. METHODS. 

Volume density 
Yarn denier (measured) 
Yarn linear densitv 

The general experimental procedure used in this study involved conducting ballistic impact tests 
on layers of dry fabric. The impact energy was held constant, with the exception of a small 
numbex of tests, while the number of layers of M n c  was varied. The fabric was wound around a 
circular fixture placed in fiont of a gas gun at a slight incline such that the projectile exited the 
gun barrel, passed over the leading edge of the ring, and impacted the hbric from the inside. 

(g/cm3) 1.54 1.54 1 . 4 4  
(g/9km) 500 1500 1490 
(rndcm) 0.556 1.654 1.656 

Fabrics, woven fiom two &&rent fiber materials, Kevlar 49@ and ZylGn AS@, were tested. 
Kevlar k a material with a long history in impact applications, in general, and fhn containment 
systems, in particular [ 13 and 141. Zylon, sometimes rekrred to as PBO (poly-benzoxazole), has 
been under development more recently. A number of studies have shown that Zylon 
demonstrates superior performance over Kevlar under laboratory impact test conditions [ 15 and 
161. In this study, Kevlar was tested in a single-fabric architecture, while two-fabric 
architectures, were used for Zylon. The fiber and weave parameters of the materials used in this 
study are shown in table 1 [ 171. 

Yarn count 
Yarn count 

Fabric ml densitv 
Fabric ply thickness 

TABLE I .  FABRIC PROPERTIES 

(yarndin) 35 x 35 17x 17 17x 17 
(yarns/cr.. 13.8 x 13.8 6.7 x 6.7 6.7 x 6.7 

(a/cm2) 0,01575 0.0223 0.02275 
(mm) 0.2 1 0.28 0.25 

I Demee of crimn wam v m s  I (%) I 3.1 I 2.2 I 1.1 I 
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For each test, tlie position of two DT more pints on the projectile was recorded as a function of 
time. The impact velocity and residual velocity (velocity after Perforatiq the fabric) were 
determined by fitting a straight line to the psition data, while in fiee flight before and afier 
impact, and averaging the slopes of the resulting lines. rn general, the projectile was obscured by 
the specimen during the impact itself, so it was not possible to obtain accurate enough position 
data to calculate the projectile deceleration and the resulting force on the projectile during the 
impact. Tine fabric deformation at the center of the impact poifit on the specimen, as viewed by 
the overhead camera, was also recorded and plotted for each test. 

(0, 0, 175.3) cm u . (0,224.8 138.4) an 

“ 7  

[I 

! 
T Z  

FTGURE 6. SCHEMATIC OF CAMEM LOCATIONS 

3. RESULTS AND UiSCUSSI9N. 

Twenty-nine impact tests were conducted, fourteen on Kevlar 49, nine on the lighter weight 
Zylon material and six on the heavier weight Zylon. Figures 7 and 8 show still images taken 
from typical video data from two tests. S,. ,id resolution was 256 pixels o w  a length of 
approximately 25 cm, or approximately 0.1 cdpixel. Because of the relatively small amount of 
motion of the prajectile betweeu frames, this resolution could lead to inaccurate velocity 
measurement if only two frames were used to calculate velocity. Much greater accuracy was 
possible by fitting a curve to the displacement data over multiple frames. 

Tables 2 and 3 summarize the results of the test program. More detailed information on each 
test, inciuding projectile position as a function of time and fabric deformation, is given in 
appendix A. 
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TABLE 2. PROJECTILE IMPACT AND W,,SDUAL \%LOCITY 
r 

i Test 
LG403 

Number Projectile Impact Exit 
of Mass Velocity , Velocity 

Material (g? ' ( d s e c )  ' ( d s e c )  
Kevlar 4 ' 318.4 274 258 

I LG405 1 Kevlar 1 24 I 319.0 1 274 1 151 I 
, LIr;404 f Kevlar 8 I 317.8 i 273 250 

L G W  
LG410 

279 185 14- :;::; 1 279 1 219 
1 LG427 1 Kevlar 
I LG429 . Kcviar 

Kevlar 8 316.0 f 271 
Kevlar 4 316.4 378 

LG432 Kevlar 
LG433 1 Kevlar 
LG434 i Kevlar 
-. 

LGW I Kevlar 7- 2 3 16.4 1 84.7 

24 3 14.8 270 1 126 

9 

8 , 320.9 254 i 227 

' LG443 ' Kevlar 1 2  
L G W  Light Zylon 4 
LG408 Lig6 Zyloxi 8 
LG412 Light Zylon 4 
LG413 Light Zylon 8 

I ~ ~ 4 1 7  Light ~ylo i i  8 
LG425 j LightZylon , 8 
LG426 Liglit Zylon 16 
LG407 Light Zylon 24 
LG414 Light Zylon 24 
LG420 Heavy Zylon 8 
LG42 I Heavy Zylon 8 
LG422 F..avy Zylon 3 
LG423 Heavy Zylon 4 

LG430 Heavy Zylon I2 

- 

LG428 Heavy Zylon 16 

3i6.2 105 85.0 I 
319.5 273 255 
3 18.0 276 24 I 
3 18.4 243 223 
319.9 2 75 237 
3 14.6 272 241 
316.6 277 245 

315.9 
3 16.3 280 i91 
317.6 262 i 55 
3 15.8 280 237 
315.1 243 192 
3 15.9 279 1 109 
317.9 277 I 0 



TABLE 3. TEST ENERGY ANI> h4AXIML.M DEFLErJTION 
I 

I 
p s t  
I 

i LG43  
LG404 

Impact Approximte 
Kinetic Energy 

I 8.3 
11877 1 9902 1975 1 8.3 

i LG405 11949 3645 
LWm 11561 1 9583 

~- 8303 11.4 
1978 1 8.3 - 

In all tests, except tests LG407, LG414, and LG428, the projectile perfopated the fiibric 
- - q ? . s c i m & d & m ~ - ~ ~ d Q ~  ilrre-zie-fincd-bythe kzhgalgrt,.~ 1' mjectite. 

In the initial plies, the failure was highly localized dong this line. and to the Aced eye 
resembled a cut in the fabric. A s  tle projectile progressed through the layers, the failure point 
remained generally along the same line, but there \.vas significant hy ing  at the ends of the failed 
yarns. The fiaying is indicative of individual fibers within the yarn failing at different locations. 
The same phenomena existed in cases where full perforation did not occur. In thesc cases, it was 

1 LG410 
LG411 
LG424 

E LG427 
LG429 
LG432 
LG433 

10 

12224 10996 1 1227 1 7.6 
11478 2494 ' 8984 12.7 
10368 i 8251 2117 i 8.3 
12363 1 5458 , 6304 8.9 
12270 7614 4656 8.9 
11933 6280 5653 10.2 

- 

2226 j 1981 244 
1912 
1135 

1748 1133 
I LG406 11888 10347 

25 1 1 

654 ! 

6M 
, 1540 I 10.2 

LG408 ! 12071 
LG412 941 8 

i L a 1 3  12063 
L W l 7  11627 
L a 2 5  12125 

9265 1 2805 1 11.4 

8948 3115 I 11.4 
9143 2484 i 11.4 
9506 2618 10.8 

I 7966 I 1471 I 12.1 

I LG426 12159 i 5859 1 6300 1 12.7 

9939 

10886 
LG422 12335 
LG423 i 9320 

0 11946 i 

5739 ti615 12.7 
3 807 7078 11.4 
8833 3501 10.8 
5790 3529 11.4 

- 0 / 9939 

LG430 12312 1859 1 G452 14.0 
1 LG428 12174 0 -- 12174 



clear tha Faiiure initiated at the comers of the projectile. X.m were several plies xhere the): 
were h o ? ~  at the comer locations while the mareriai in bemeen remaid iniact Progressing 
f n m  the outer iayers to the i,mer layers the hoies grew ifi size until thm was failure xmss the 
total leadicgdge region- 

The impact, exit and absorbed kinetic Lmerg-,~, shown in table 3. were caIcuIated fiom the rnass 
snd velocity of the projectile befaie and after perF0ratio~ -k shovm in table 2, in sl! but three 
tests, the projectile perforated the fabric spec~nen. Figure 9 shows the energy absorbed as a 
fimction of the number of Mric layers in each test. The ar rov~ on selected symbols indica= that 
in these tests the projecrile did not penetratt: the specimen (all of the kinetic energy vas 
absorbed) and more e m q y  could have been abS0-M The lines in the fiwc are quadratic 
curve fits to the data. Figure iG show &e w:x data b ~ t  the energy is ~ ~ r m a l i d  by &e areal 
mass of each specimen. The a-ed mass of the specimen is defined 8s &e areal mass p n  layer, in 
grams per square centimeter, times *e nulnber of layers. 

B 

0 5 10 15 20 25 30 

Number of byeis 

F I G L .  9. ENERGY ABSORBED AS A FUNCTION OF NUMBER OF FABRIC LAYERS 

It is clear from figures 9 and 10 that for a given weight and mder these impact conditions, Zylon 
is able to absorb significantly more energy than Kevlar, and the heavier Zylon is more effective 
than the lighter v a i o n  of the same material. The heavier weight Zylon and the Kevlar material 
were very similar in areal weight, fibei count, ply thickness, and yarn denier. Figure 10 
illustrates that the normalized absorbed energy is relatively insensitive to the number of layers of 
material. Foi Kevlar material, the avexage normalized absorbed energy is 13.5 ld-gkm’. For 
the lighter wei ht Zylon, tlis value is 22.9 ld-glcm’, and for the heavier weight Zylon, the value 
is 38.9 kl-g/cm . From a practical point of view, this means that for the sarle weight of material, 
the thick Zylon can absorb almost three times as much energy than the Kevlar miitteria: under the 
conditions of this test. 
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FIGURE 10. NORMALTZED ENERGY ABSORBED AS A FUNCIIOX OF 
h m E R  OF FABRIC LAYERS 

??le two d a ~ t  p ~ h t s  for thc lighta weigh1 Zylon corresponding to tests where tbe projectile did 
not perfom the fsbric indicate that if perfbration occu~s, there is less energy ahofbed than the 
specimen is -&le of absorbing when perforaton does not occur- This is consistent with data 
in the litem re for fkbfic materials where it has been shown that, typically, as the impact energy 
is increased  til prforruion cccurs, a plot of absorbed energy 8s a fimction of impact velocity 
will show a sudden decrease .cr the ballistic limit velocity is exceeded [ I  81. Beyond this point, 
the absorbed enc -g, may iacrese, decrease, or remain constant. 

The maximum deflection in the fabric was determined from plots of the fabric defomation 
shown in appmdii~ A. Because of the progressive nature of .Failure in the specimen, once failure 
initiated, the shqe of the titbric was difficult to accurately measure. Therefore, the maximum 
deflection in the ftbric is accun^,z only to within approximately 0.5 cm. The miximum 
deflection in the fib ic during +v; test is shown in figure 1 1. 

The figure shove d sip+ mt amount of scatter. Some of this is ettributed to &e difficulty in 
obtaining an accumte r.lr;asurement of the maximum deflection. Despite the scatter, there is a 
definite trend in tile; data. The deflection data falls into three general ranges of normalized 
energy absorbe~~ corresponding to the three different specimm types. The figure illustrates that 
the differenc - in rn mimum deflection is p t e r  between Kevlar and 5OOdenier Zylon than that 
between tl .w lighter and heavier 7,jlon. The increase in maximum normalized absorbed energy 
between the two d'fferent weight Zylon specimens is relztivcly large, while the increase in 
maximum deflection is TT. derate. 
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-- 16 - 
! 

In this mdy. Wlis5c impact tests *-ere con&wted at National Amnaucics and Space 
Administration Glenn Reseaiich Center an dry Keviar 49 and Zylon AS hbric specimens in a test 
configmitian desigaed to simdate its epplicaiioa in a t.,hme engine fan contain?lent system. 

Tihe test configuration described hmin  ws designed to be somewhat representative cf faEric 
conbinrrmt, systems used in jet engines: while mainteinhg repeatability aiild simpiicity in the 
test. The d a b  ob ta id  h m  &:ex tests were used ic develop improved computational models OT 
iitbrk ccntainment systems. The resU;ts &OR- thzt VLTdei the ccncitions ef th is  test, Zylon is able 
to absorb almm three times as much e m =  thai.i Kev!ar whcr! CciEpSd on an overall weight 
basis. The normalized energy a b s o M  i? relab-aly k = & i i ~ e  22 f i e  n \ t i - w  cf layeis of 
material. This allows for a 6 r i y  sm.ple design p m d u r e  if &e assimption is mede that the 
amount of energy absorbed per mil weight is icdq:adeni of the fiuliber of layers of marerid. 
Under the conditions d this test, the heavier weight Zy!m nateriai pedonned 'better thzn the 
lighter weight mterial, for the same G V W ~ ~  weight. 
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lZPPENDIX A-FABRIC DEFORWTION 

The following graphs display the deformation of the fabric in a horizontal p!ane passing through 
the center of the impact point. The deflection is plotted as a sequence of curves measured fioa 
the camen video images. 
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